Abstract Gap junctions in the cochlear lateral wall, which consists of the stria vascularis (SV) and spiral ligament (SPL), are important for generating a positive endocochlear potential and high potassium concentration in the endolymph. In this study, the cellular expression of connexin 26 (Cx26) and Cx30 in the cochlear lateral wall of rats and guinea pigs was examined by immunofluorescent staining and confocal microscopy. Co-labeling for Kir4.1 revealed that the stria intermediate cells had extensive labeling for Cx26 and Cx30 with a leaf-like distribution. Cx26 and Cx30 also co-distributed hexagonally around the basal cells. However, no labeling was observed in the marginal cells. In the SPL, punctate Cx26 and Cx30 labeling was distributed along vertical lines orthogonal to the cochlear longitudinal direction. Intense labeling for Cx26 and Cx30 was found in type II fibrocytes in the spiral prominence and central region, but Cx26 labeling was absent in the middle region just beneath the SV, where only Cx30 labeling was observed. Outer sulcus (OS) cells and their root processes also exhibited intense labeling for Cx26 and Cx30. Neither Cx26 nor Cx30 was immunopositive in the hyaline region beneath the OS, in the subcentral region (type IV fibrocytes), or in the tension (type III) fibrocytes beneath the bone. Cx26 and Cx30 labeling was also absent in the lateral wall blood vessels. Thus, Cx26 and Cx30 have distinct cell-specific distributions in the SV and SPL, suggesting that they can form different pathways for transporting ions/nutrients in the cochlear lateral wall.
Introduction
A gap junctional channel is an intercellular channel that forms an intracellular conduit for direct electrical and metabolic communication between cells. This intercellular communication plays a crucial role in hearing. Mutations in the gap junction gene connexin have been reported to induce a high incidence of nonsyndromic hearing loss (Kelsell et al. 1997) . Gap junctional coupling extensively exists in the cochlear tissues (for a review, see . Two independent gap junctional networks have been identified: the epithelial gap junctional network between supporting cells in the auditory sensory epithelium in the organ of Corti and the connective tissue gap junctional network between the connective tissue cells in the cochlear lateral wall (Kikuchi et al. 1995) .
The cochlear lateral wall is composed of the stria vascularis (SV) and spiral ligament (SPL), responsible for the generation and maintenance of the high positive endocochlear potential (EP, +80 mV) and high K + concentration (155 mM) in the cochlear endolymph. This is a driving force for hair cells to produce the auditory receptor current. Gap-junction-mediated intercellular communication has been hypothesized to play a crucial role in this driving force generation and maintenance (for reviews, see Couloignerdevelopment, the onset and growth of EP is reported to be associated with the establishment of intercellular communication and connexin expression in the cochlear lateral wall (Souter and Forge 1998; Lautermann et al. 1999; Xia et al. 1999; Suzuki et al. 2001; Lopez-Bigas et al. 2002) . Genetic mutation studies have also demonstrated that intercellular communication in the cochlear lateral wall is required for EP generation (Steel et al. 1987; Steel and Barkway 1989; Carlisle et al. 1990) .
Connexin 26 (Cx26) and Cx30 are predominant isoforms in the cochlea and are prevalently expressed in both the epithelial gap junctional network and the connective tissue gap junctional network (Kikuchi et al. 1995; Lautermann et al. 1998 Lautermann et al. , 1999 Forge et al. 1999 Forge et al. , 2003 Zhao and Yu 2006) . In the epithelial gap junctional network, Cx26 and Cx30 have been found to have cell-specific distributions in the cochlear sensory epithelium (Zhao and Yu 2006) . Functional studies have revealed that Cx26 and Cx30 have strong charge selectivity in permeability (Zhao 2005) ; Cx26 is mainly responsible for anionic permeability in the cochlear sensory epithelium and plays an important role in the intercellular signaling (Zhao 2005; Zhao et al. 2005) .
In this study, we have systematically investigated the cellular characteristics of Cx26 and Cx30 expression in the cochlear lateral wall. We have found that Cx26 and Cx30 have distinct cell-specific distributions in the SV and SPL. These results provide important morphogenetic clues for further study of the putative function(s) of Cx26 and Cx30 in the cochlear lateral wall for hearing.
Preliminary data from this study have been presented at a meeting in abstract form (Liu and Zhao 2007) .
Materials and methods

Animal preparation and cochlear lateral wall dissociation
A total of 16 adult Hartley guinea pigs and 11 adult rats were used. Animal preparation has been reported elsewhere (Zhao 2005; Zhao and Yu 2006) . Briefly, animals were anesthetized with pentobarbital and then decapitated. The temporal bone was removed and dissected in a standard extracellular solution (142 mM NaCl, 5.37 mM KCl, 1.47 mM MgCl 2 , 2 mM CaCl 2 , 10 mM HEPES, 300 mOsm, pH 7.2). After removal of the lateral bone, the cochlear lateral wall was exposed and then torn off by forceps (Fig. 1a) . The SV was further separated from the SPL by micro-dissection (Fig. 1b) . In the dissociated cell preparation, the SV and SPL strips were enzymed separately by trypsin (1-5 mg/ml) with shaking for 5-10 min. After the residual enzyme had been washed out by the extracellular solution, the dissociated cells were transferred to dishes for staining. All experimental procedures were approved by the University of Kentucky's Animal Care & Use Committee and conducted according to the standards of the NIH Guidelines for the Care and Use of Laboratory Animals.
Preparation of cochlear cross sections
The isolated cochlea was fixed with 4% paraformaldehyde for 30 min and then decalcified in 10% EDTA at room temperature with gentle agitation for 4-6 days (Hurley et al. 2003) . The solution was changed every day. The decalcified cochlea was further infiltrated with 30% glucose for 2 days and then embedded in 15% gelatin with 2.5% glycerol at 37°C, with gentle suction on the round window of the cochlea to permit the gelatin to fill the cochlea completely. The embedded cochlea was maintained at room temperature for 1 h to allow solidification of the gelatin and subsequently cut at a thickness of 15 µm at −22to−24°C on a cryostat (Thermo Electron, Waltham, Mass.). The tissue sections were collected and mounted onto glass slides for staining and storage.
Immunofluorescent staining
Immunofluorescent staining was performed as previously reported (Zhao and Yu 2006) . The separated SV and SPL strips or dissociated cells were fixed with 4% paraformaldehyde for 30 min. After being washed three times with 0.1 M phosphate-buffered saline (PBS), the tissues or cells were incubated in a blocking solution (10% goat serum and 1% bovine serum albumin in PBS) with 0.1% Triton X-100 for 20 min. Then, the tissues or cells were incubated with a mixture of anti-Cx26 and anti-Cx30 antibodies (1:400; cat. no. 33-5800 and 71-2200, respectively, Zymed Laboratories, South San Francisco, Calif.) in the blocking solution at 4°C overnight. After being washed three times with 0.1 M PBS, the tissues or cells were reacted with a mixture of Alexa Fluor 488-conjugated goat anti-mouse IgG and Alexa Fluor 568-conjugated goat anti-rabbit IgG (1:500; cat. no. A11029 and A11036, respectively, Molecular Probes) in the blocking solution at room temperature for 1 h. For Kir4.1 labeling, an affinity-purified goat polyclonal anti-Kir4.1 antibody (1:100; cat. no. sc-23637; Santa Cruz Biotech, Santa Cruz, Calif.) and donkey anti-goat Alexa Fluor 568 (1:500; cat. no. A11057, Molecular Probes) were used. After the secondary antibodies had been completely washed out with 0.1 M PBS, the tissues or cells were observed under a confocal laser-scanning microscope. The hair cells and marginal cells that had no gap junctional coupling and connexin expressions served as an internal negative control. We also omitted the primary antibodies as a negative control. No immunofluorescent labeling was observed.
In some cases, cell nuclei were also visualized by staining with 4′,6-diamidino-2-phenylindole (DAPI, 0.1 mg/ml; D1306; Molecular Probes) for 15-20 min at room temperature, following the 2nd antibody incubation.
Confocal microscopy and image presentation
The stained tissues or cells were observed under a Leica confocal microscope (Leica TCS SP2) equipped with 40× (N/A: 1.25) and 100× (N/A: 1.4) apochromatic oil objectives. An argon laser (488 nm) and krypton laser (568 nm) with 500-530 nm and 600-665 nm emission filters were used to visualize Alexa Fluor 488 and 568, respectively, by sequentially scanning. DAPI staining was visualized by a two-photon laser with a 388-478 nm emission filter. The fluorescent image was saved in the TIFF format and assembled in Photoshop (Adobe Systems, Mountain View, Calif.) for presentation. Serial confocal sections were also reconstructed by Image-Pro Plus (Media Cybernetics, Bethesda, Md.) for three-dimensional (3D) views.
Results
Cellular expression of Cx26 and Cx30 in SV
The SV is composed of three cell layers, i.e., the marginal cell layer, intermediate cell layer, and basal cell layer (Fig. 1c) . At the basal cell layer, Cx26 and Cx30 showed intense punctate labeling surrounding the basal cells, demonstrating a hexagonal distribution pattern (Fig. 2) . The puncta of Cx26 and Cx30 labeling largely overlapped and could be located in the same gap junctional plaques (Fig. 2c ). Kir4.1 has previously been found to be expressed (Ando and Takeuchi 1999) . In double-immunofluorescent labeling for Cx26 and Kir4.1, the Cx26 labeling appeared in a honeycomb-like distribution pattern, whereas labeling for Kir4.1 was negative (Fig. 2e) . This confirmed that the recorded honeycomb-like labeling pattern was located in the basal cell layer, rather than in the neighboring intermediate cell layer.
The stria intermediate cells also showed strongly positive labeling for Cx26 and Cx30 (Fig. 3a-g ). However, the labeling pattern was different from that observed in the basal cell layer, appearing to be irregular and leaf-like (Fig. 3a-c) . The puncta of Cx26 and Cx30 labeling were large and also present at the cell edge on the non-junctional cell surface (white arrows in Fig. 3c ). The labeling for Kir4.1 was positive (Fig. 3e) but did not overlap with the Cx26 labeling on the cell surface (Fig. 3f) . Nomarski imaging revealed the dendrite-like projections and cytoplasmic pigment granules (arrows in Fig. 3g ) of the intermediate cells. Marginal cells were also large (Fig. 3h) but exhibited no labeling for Cx26 and Cx30 (Fig. 3i-j) . The marginal cells also showed negative labeling for Kir4.1 (data not shown).
Distributions of Cx26 and Cx30 in SPL
Unlike the distribution of Cx26 and Cx30 in the SV, Cx26 and Cx30 labeling in the SPL was distributed along the dorsal-ventral line orthogonal to the longitudinal direction of the SPL (Fig. 4a-c) . The labeling appeared slightly less intense in the middle region at the SV location (note that the SV had been removed from the SPL before staining). Whereas the puncta of Cx26 and Cx30 co-labeling were visible ( Fig. 4c-d ), Cx26 and Cx30 had different distribution patterns in the SPL. In serial confocal scanning sections, Cx26 labeling was intense at the edge region of the SPL but less intense in the middle region in the sections near the SV (Fig. 5a-d) . On scanning toward the outer surface (the bone-face), Cx26 labeling became intense and visible in the middle region (Fig. 5e-i) . Cx30 showed intense labeling in the middle region just beneath the SV and overlapped with Cx26 expression near the outer surface ( Fig. 5a-l) . The blood vessels were also visible in the middle serially scanned sections but had no Cx26 and Cx30 labeling (white arrows in Fig. 5f-h) .
We reconstructed 3D images from serial scanning sections (Fig. 5n-o) . At the reconstructed orthogonal cross-cochlear plane (Fig. 5o) , Cx26 labeling was intense at the apical tip of the SPL but weak or even absent in the middle region just beneath the SV (asterisk in Fig. 5o ), where the Cx30 labeling was intense. The same distribution pattern was observed in a total of 12 observations in two guinea pigs and three rats. Consistent with observations in the reconstructed 3D images in whole-mount preparations, Cx26 in the cochlear cross-sectional preparation showed intense labeling at the apical tip of the SPL and the spiral prominence (SP; Fig. 6a-c) . In the orthogonal midmodiolar cross section through the cochlear diameter (Fig. 6a,e-f ), Cx26 labeling was observed in the outer peripheral region in the middle SPL but was absent in the subregion just beneath the SV. Intense Cx26 and Cx30 labeling was also observed in the outer sulcus (OS) cells and their root processes (white arrows and open arrowhead, respectively, in Fig. 6g) . However, the labeling for Cx26 and Cx30 was absent in the tension (type III) fibrocytes area behind the otic capsule, the subcentral region (asterisks in Fig. 6a-d,g-h) , and the hyaline region just beneath the OS within the basilar crest (Fig. 6h) . 
Discussion
In this study, we have demonstrated that Cx26 and Cx30 have distinct cellular distributions in the SV and SPL in the cochlear lateral wall (Fig. 7) . By co-labeling for Kir4.1, we have found that Cx26 and Cx30 exhibit intense labeling in the stria intermediate cells (Fig. 3a-g ). Unlike the honeycomb-like distribution of Cx26 and Cx30 in the basal cells, however, Cx26 and Cx30 labeling in the intermediate cells appears with a leaf-like pattern. However, neither Cx26 nor Cx30 are immunopositive in marginal cells (Fig. 3h-j) . In the SPL, Cx26 immunostaining is intense in type V fibrocytes at the apical tip of the SPL, but this is less intense in the middle region just beneath the SV, where Cx30 shows intense labeling (Figs. 5, 6 ). Immunofluorescent labeling for Cx26 and Cx30 is also intense in the type II fibrocytes in the SP and central region, and in the OS cells and their root processes (Figs. 5, 6 ). However, no labeling for Cx26 and Cx30 has been observed in the type IV fibrocytes in the subcentral region inferior to the basilar membrane near the scala tympani, the type III (tension) fibrocytes area beneath the otic capsule, or the hyaline region beneath the OS cells (Figs. 5, 6 ). Cx26 and Cx30 also show negative labeling in the blood vessels in the lateral wall ( Fig. 5f-h) .
In the cochlea, the SV is responsible for the generation of the uniquely high positive EP and high potassium concentration in the endolymph. According to the proposed model (Salt et al. 1987; Takeuchi et al. 2000; Marcus et al. 2002) , the intermediate cell in the SV plays a critical role in positive EP generation. Gap junctional coupling between the intermediate cells and the basal cells is required for this mechanism (Steel et al. 1987; Steel and Barkway 1989; Carlisle et al. 1990 ). However, little information on gap junctional coupling and connexin expression in the intermediate cell is available. In this study, by co-staining for Kir4.1, we have unambiguously identified the expression and distribution of Cx26 and Cx30 in the intermediate cells ( Fig. 3a-g ). This provides direct evidence for the existence of connexin expression in the intermediate cells.
Moreover, we have further demonstrated the pattern of distribution of Cx26 and Cx30 expression in the intermediate cells; Cx26 and Cx30 labeling appears to be extensive and leaf-like and is distributed on the surface of the intermediate cells (Fig. 3a-g ). In vivo, the apical membrane of the intermediate cell faces the intrastrial space and is not directly in contact with the marginal cell (see Fig. 1c ). Cx26 and Cx30 expression on this unconnected apical cell surface may allow them to act as functional hemichannels. The intrastrial space is characterized by a high positive potential (+90 mV) and a low Ca ++ concentration (0.8 mM; Wangemann 2006). This electrochemical environment favors hemichannel opening (Goodenough and Paul 2003) . We have reported that hemichannels in the cochlear sensory epithelium can open to release ATP to modify outer hair cell electromotility ). Cx26 and Cx30 may also function as hemichannels on the intermediate cell surface at the intrastrial space and may have a function in the generation of EP and high K + concentration in the endolymph.
In this study, we have also found intense co-labeling for Cx26 and Cx30 hexagonally around the basal cells (Fig. 2) . In vivo, the basal cells connect with intermediate cells in the SV and fibrocytes in the SPL (Fig. 1e) . In the middle region, the fibrocytes in the SPL beneath the basal cells only exhibit Cx30 labeling (Figs. 5, 6 ). This implies that Cx30 and Cx26 form heterotypic and/or heteromeric gap junctional channels in this SV-SPL interface, in addition to Cx30 homotypic channels. We have previously reported that Cx26 and Cx30 in the cochlear supporting cells can form functional hybrid (heterotypic/heteromeric) channels with asymmetric voltage gating (Zhao and Santos-Sacchi 2000) that can induce asymmetric transjunctional transfer in the cochlear sensory epithelium (Zhao 2000) and that may play an important role in directional intercellular transport, such as the proposed K + -recycling in the cochlear sensory epithelium (Kikuchi et al. 1995; Zhao 2000 Zhao , 2003 . In the cochlear lateral wall, K + ions have been postulated to be directionally transported from the SPL to the SV to be secreted into the endolymph for generation of the EP and K + -gradient (Kikuchi et al. 1995; Spicer and Schulte 1998; . Indeed, mutant studies have demonstrated that some deafness-linked Cx26 mutants (e.g., mutations of V84L, V95M, and E114G) specifically impair heterotypic channel formation and function to induce hearing loss (Choung et al. 2002; Thonnissen et al. 2002; Bruzzone et al. 2003; Wang et al. 2003) .
Unlike the connexin distributions in the SV cells, the connexin-labeled puncta in the SPL are distributed along dorsal-ventral vertical lines (Figs. 4, 5) . This implies that fibrocytes may have good coupling and intercellular communication in the longitudinal direction in the SPL. As shown in Figs. 5, 6, Cx30 labeling is widely distributed in the SPL, whereas Cx26 labeling is intense in type V fibrocytes at the apical tip of the SPL, type I fibrocytes at the outer peripheral region, and type II fibrocytes in the SP and central region (Figs. 5, 6, 7 ). These fibrocytes have been proposed to form different pathways for K + -recycling (Spicer and Schulte 1998) . Interestingly, the OS cells and their root processes exhibit intense labeling for Cx30 and Cx26 (Fig. 6g,h) . However, the hyaline region beneath the OS cells lacks Cx26 and Cx30 labeling. This suggests that OS cells and their root processes can form a transport pathway in the SPL for ionic transfer. It also provides direct histological evidence that the OS cells can participate in K + -transport to maintain and regulate the endolymphatic K + concentration (Marcus and Chiba 1999) .
In this study, we have demonstrated that Cx26 and Cx30 have distinct cell-specific distributions in the guinea pig and rat cochlear lateral wall. These Cx26 and Cx30 cellspecific distributions provide morphological evidence that Cx26 and Cx30 can play different roles in the transport of ions/nutrients in the cochlear lateral wall.
